Integrated buffer zones (IBZs) represent a novel form of edge-of-field technology in Northwest 25
m) were installed in four transects in the IBZ I and three transects in the IBZ II, respectively, receiving 101 the soil water in the FILTERBED at two depths (Fig. 1) . The two different installation depths at each 102 piezometer nest were decided based on the occurrence of clay layers in IBZ I; thus, one piezometer 103 screen was established above (app. 30 cm depth) and the other below the clay layers (35-90 cm 104 depth). In addition, seven piezometers were installed between the IBZ and the stream to monitor 105 water tables and water chemistry. Results of this monitoring are not presented in this study. 106
Water balance and hydraulic residence time in the POND. IBZs were designed and 107 instrumented to achieve continuous measurements of inflow and outflow of water for establishing a 108 precise water balance. This is crucial for calculation of the nutrient removal. As the IBZs were 109 experimental facilities and not sized to capture and treat all the tile drainage water entering the 110 distribution well from the field, an overflow system was implemented to bypass excess supply of tile 111 drain water during periods with high discharges, typically in the cold season from November to 112 March (Fig. S1 ). It was vital that water flows and levels were controlled by vertical tubes inside of 113 specially designed concrete wells ( Fig. 1) , allowing complete removal of water if requested by the 114 farmer. Adjusting the tubes in different heights or using different tube diameters (alternatively 115 throttle valves) also enables to control flow amount or flow velocities of water inflow and outflow, 116 respectively. Water flow in the inlet and the outlet of the POND, as well as the water table, were 117 measured every 10 minutes using flow meters (KROHNE, UK) and water level recorders 118 (MADGETECH, USA) over the 17 month monitoring period. However, for the purpose of later 119 calculations, data were averaged on a daily basis. Daily precipitation and potential 120 evapotranspiration data were derived from the Danish Meteorological Institute using a weather data 121 grid of 10x10 km or 20x20 km, respectively. The POND outlet was levelled about 0.8 m above the 122 bottom to bypass surplus water in order to prevent an overrun of the IBZ. By regulating the water 123 flow at the inlet and outlet, a more or less constant water level of about 0.7 m could be maintained 124 in the POND, and the FILTERBED was slightly inundated (ca. 0.2 m) in both IBZ basins to maintain a 125 high infiltration rate into the FILTERBED (Fig. 1) . Despite regulation of water flows, hydrographsdemonstrate a clear seasonal trend, with prolonged dry periods in summer where the drain water 127 inflow and outflow decreased to zero and even dried out, if only for a couple of days (Fig. S1 ). An 128 overview of the overall water flows determining the water balance of the total system is given in 129 Table 1 . Due to low water levels in the piezometer behind the basins (Fig. 1) , we were able to exclude 130 the possibility that the IBZ was fed by shallow groundwater at any time during the investigation. 131
Infiltration of water (Q infiltration ) in the FILTERBED was calculated based on the water balance of the 132 IBZ: 133
where Q in is the inlet surface water flow; P is the precipitation; ETR is the evapotranspiration; Q out is 135 the outlet surface water flow; and ∆S is the change of water storage of the basin. 136
The daily hydraulic retention time (HRT) in the POND of both IBZ basins was calculated based on the 137 average water volume (m 3 ) divided by the inlet flow (m 3 d -1 ). For the calculation of the water volume 138 at different water levels in the two IBZs, a levelling survey was conducted in 24 transects using a RTK 139 GPS (LEICA GNSS NetRower). An interpolation procedure using the grid approach (1x1 m) was 140 conducted in ArcGIS 10.2. Daily hydraulic load and the loss (mm d −1 ) were calculated by dividing the 141 cumulative daily in-or outflow (m 3 ) by the area (m 2 ) of the IBZ (Table 1) . 142
Water flow through the FILTERBED. A tracer experiment was conducted to obtain information about 143 the main water flow paths and retention times within the FILTERBED of the IBZ basins. 144
Approximately 17 kg sodium bromide was dissolved in 75 L deionised water to reach a bromide 145 concentration of about 100 mg/L in the POND. The solution was distributed into three 25 L 146 polyethylene bottles for transportation to the experimental site. Before adding the bromide to the 147 POND, zero-sampling was done in all of the piezometers and the POND (Fig. 1 ) to derive a 148 background level for bromide concentrations. At the same time, electrical conductivity was 149 determined to be a proxy for subsequent changes in bromide concentrations. Bromide solution was 150 added over the entire length of the POND and the water was homogenized and evenly distributedthrough stirring with paddles for several minutes. To verify the bromide had been homogeneously 152 mixed over the entire water body, the electrical conductivity was measured at several points of the 153 POND. Homogenisation was assumed if the difference between the measured conductivity levels 154 was less than 5%. Immediately upon homogenization, water samples were taken at three equidistant 155 points over the entire length of the POND. After 4 h, water samples were taken from the 156 piezometers and the POND to record possible changes in bromide concentrations. Subsequently, 157 bromide concentrations were inspected no later than after 4 h, and samples were taken if electrical 158 conductivity changed by more than 10% and no later than after 12 h within the first 7 d, after which 159 
Results and discussion 222
The daily hydraulic load at the inflow of the two IBZ basins was, on average, 227 ± 125 and 318 ± 112 223 mm, respectively (Table 1 ). The HRT in the PONDs was around 2 d with only slight changes over the 224 season, and nearly one-third (IBZ I) or half (IBZ II) of the incoming water was discharged into the 225 FILTERBEDs, while the rest left via an overflow pipe (Table 1) . The tracer experiment highlighted that 226 the flow through IBZ II-FILTERBED was more homogenous than that through IBZ I-FILTERBED and the 227 HRT differed at the time of the experiment ( Fig. S2 and S3 ). According to breakthrough curves, we 228 estimated an HRT of about 6 d in the IBZ I-FILTERBED compared with about 3 d in the IBZ II-229 FILTERBED (Fig. S2) . These results match with the roughly two-fold higher infiltration of the IBZ II 230 compared to the IBZ I. Although the short distance between the basins, we assume that the formerly 231 mentioned differences in soil texture, namely the occurrence of less permeable clay only in IBZ I, 232 explain these differences. 233
The inflow of water to both IBZs showed TN concentrations ranging between 3.3 and 8.9 mg N L -1 234 and TP concentrations between 0.03 and 0.11 mg P L -1 (Fig. 2 & 3 , Table S1 ). The proportion of NO 3 -235 was about 90% of TN and SRP constituted 50% of TP. Nitrite concentrations were mostly lower than 236 the detection limit (0.005 mg N L -1 ). Ammonium concentrations were low, amounting to an average 237 of 0.04 ± 0.02 mg N L -1 . DON concentrations were similar at all sampling locations on the occasion it 238 was sampled, implying DON was not produced or further processed in the IBZ; which might be 239 contributed to the high proportion of N bound to refractory HS fraction (Table 2) . However, slight 240 changes of DON composition and of C/N ratios of the insignificant more labile HMWS fraction (about 241 2% of DOC) indicating some microbial DON turnover or production which needs further investigated. 242 A higher water inflow meant the IBZ II received somewhat higher nutrient loads, with the highest 243 values for both IBZs occurring in the winter season (Fig. 2, Table S1 ). In accordance with previous 244 studies of CWs 29 , statistical analysis revealed the nutrient load was explaining between 20 and 90 % 245 of the nutrient removal (Fig. S4) . Removal mechanisms for different N and P species are well 246 understood 29 ; however, the individual importance of certain biogeochemical removal/retention or 247 release processes may differ strongly between various nutrient species. 248
Nitrogen removal. During the entire monitoring period, the IBZs acted as an N sink 249 retaining, on average, between 10.9 ± 6.5 and 18.2 ± 5.9 g TN m -2 month -1 , respectively, with the 250 highest values appearing for the IBZ II (Table S2 ). Higher removal of TN and NO 3 -in the IBZ II 251 compared to the IBZ I is associated with the higher and more homogenous water infiltration of the 252 FILTERBED ( Fig. S2 and S3 ). Although not investigated in detail, anoxic conditions in the soil imply 253 that the major N removal process in the IBZ was denitrification, although biological uptake in both 254 compartments might also be of importance during the growing season. Depending on the season, 255 the proportion of TN removal by denitrification is typically 60-95% relative to the 1-34% assimilated 256 by plants and algae in constructed wetlands (CWs) 29 . Lowest NO 3 --N concentrations (< 0.005 mg N/L) 257 were recorded during the warm period in the FILTERBED, which corresponds with the distinct 258 seasonal pattern of the N removal efficiency (Fig. 2) . Thus, N removal efficiency in the IBZs increased 259 to values higher than 50% in the warm period and reduced to values lower than 20% in the cold 260 period (Fig. 2) . This phenomenon can be explained by higher temperatures as well as lower loading 261 rates in the warm period 29 . While there was a clear trend of increased absolute removal of NO 3 -and 262 TN with higher load (Fig. S4) , the removal efficiency decreased with increasing load (Fig. S5) . We 263 assume that besides HRT (Fig. S6) , denitrification was also limited by the availability of organic 264 carbon as an electron donor in the water-saturated zone of the FILTERBED. In comparison with 265 natural wetlands or peatlands, the coarse sandy to gravelly subsoil at the investigation site had a low 266 carbon content (< 2%), and therefore also a lower denitrification potential 30, 31 . Surprisingly, despite 267 the low carbon environment, DOC concentrations exceeded 10 mg L -1 in the FILTERBED with about 268 25% of DOC detected being bioavailable carbon (Table 2) . However, the organic carbon pool was not 269 sufficiently high and/or the HRT too low to reach almost complete NO 3 -removal as demonstrated for 270 freshwater wetland sediments 32 . 271 272 Phosphorus retention. As for N, the IBZ acted as a net P sink throughout the entire 273 monitoring period, although the FILTERBED compartment turned out to be a net source of P for a 274 few months during the warm summer period (Fig. 3) . In contrast to N removal where water-275 saturated oxygen-free conditions in the FILTERBED promoted denitrification, the reductive solution 276 of redox-sensitive iron (Fe)-P binding forms might cause enhanced increase of P release 33, 34 . The 277 evidence of iron reduction was obvious due to red-brown colored iron carpets at the inundated soil 278 surface of the filterbed. However, it should be notified that NO 3 -might act as "redox-buffer" 35 279 suppressing Fe reduction and concomitant P release in the FILTERBED. Even so, the high release of 280 10%, in June in the IBZ I (Fig. 3) was caused by a minimal increase in absolute SRP from low 281 concentrations (0.002 mg P L -1 to 0.003 mg P L -1 ) in the POND and FILTERBED, respectively. There was 282 a distinct seasonal pattern of higher SRP removal efficiency of the FILTERBED during some winter 283 months and clear dominance of P removal in the IBZ PONDs during the growing season from May to 284 September (Fig. 3) . Again, contrary to NO 3 -, SRP removal efficiency of the FILTERBED increased with 285 higher SRP load, in particular in the IBZ I, indicating that P-binding capacity of the soils was not 286 exhausted at the time of investigation (Fig. S5) . Furthermore, there was some evidence that sorption, 287 being the major removal mechanism in the FILTERBED, became overwhelmed by assimilating plants (Table S1 ), indicates that part of 293 the P stock in plants is released due to leaching and decomposition of senescent plant material 36 . 294
Thus, removal of the plants before the end of the growing season could be recommended to 295 interrupt the P recycling in the IBZ, but this would also lower the size of the labile carbon pool for 296 denitrification. 297 298 Evaluation and outlook. When evaluating the efficiency of our experimental IBZs, it is 299 important to bear in mind that the intention was not to replace existing dry buffer strips but to 300 include IBZs as an additional element to improve the capacity of the buffer strips to mitigate the 301 nutrient pollution of watercourses. That means nutrients captured in these systems have to be 302 added to those already retained in the common buffer strip. According to previous findings on CWs, 303 the development of hybrid solutions is recommended 37 , in our case a combination of a surface flow 304 system, the POND, with a subsurface flow system, the FILTERBED, which may also be defined as a 305 small saturated buffer zone (Fig. 1) . The combination of these two compartments proved 306 advantageous for maintaining a high annual capture of both N and P. Thus, the nutrient removal 307 efficiency was observed to be similar to or even higher than that recorded for other mitigation 308 options targeted at moderating the nutrient loss from agricultural land (Table 3) . High nutirent 309 removal efficiencies up to 90% for both N and P were achieved after modification of soil substrates, 310 improving the redox-conditions or increasing the HRT. However, the major problem for maintaining a 311 high nutrient removal in the IBZs is, as for other mitigation options, the seasonal variability in water 312 discharge and the high nutrient loading in the cold winter period where microbial activity abates. Our 313 experimental results recommended a doubling of the IBZ area to capture the surplus of water during 314 the cold season (about 50% of the water was bypassed) as well as to increase the HRT or reduce the 315 nutrient load. For the site under investigation, an HRT longer than 3 d and a daily loading rate of N 316 lower than 1 g m -2 and of P lower than 4 mg P m -2 are suggested to maximize the removal efficiency 317 (Fig. S5) . However, the necessary enlargement of the facility to increase HRT or reducing the loading 318 rate respectively is not always feasible. Therefore, infiltration capacity of the FILTERBED must be 319 improved as must the denitrification potential or the P sorption capacity of the substrate by certain 320 modifications, aspects that are both part of an ongoing research project (the BIOWATER Nordic 321
Centre of Excellence project). However, under all circumstances, the removal capability for NO 3 -will 322 expectedly improve with increasing growth of alder trees since both the infiltration capacity and the 323 carbon availability, inter alia by root exudates, will increase over time. Thus, instead of modifying the 324 FILTERBED, it might be more advantageous to use an appropriate substrate at the base of the dyke 325 behind the FILTERBED (Fig. 1) , for example woodchips 38 , mixed with gravel to improve dyke stability 326 and water flow in the long term. Such modification of the FILTERBED is, however, not recommended 327 if tree growth is the target. Results regarding the use of alder trees are somewhat contradictory. On 328 the one hand, it is well-known that the trees' root nodules with N 2 -fixing microorganisms may fix upto several hundred kg N ha -1 year -1 , at least under N-deficient conditions 19 . Also, additional 330 fertilization could support removal processes such as denitrification or the nutrient uptake by 331 plants 29, 39 . On the other hand, previous investigations on planting of black alder have shown that the 332 emission of nitrous oxide did not increase in nutrient-enriched organic soils and that methane 333 emissions were, in fact, suppressed under inundated conditions 40 . Finally, we observed that the 334 water-saturated zone extended beyond the monitored FILTERBED toward the dry buffer zone and 335 down to the stream. Thus, an even higher total nutrient removal the longer the IBZs are run can be 336 expected; however, this needs further investigation. 337
Contrary to the increase in N removal, there is some evidence that the P removal of the IBZs will 338 decrease over time. From both buffer strips and other CWs, it has been documented that once 339 oversaturated with P, soils will change from a sink to a source of dissolved P 41 . However, if iron 340 loading of the system is high, as seemingly is the case at our experimental site, such an effect may 341 not occur. Nevertheless, infilling of the POND with sediment will eventually take place, considering 342 the frequency of storm events and the localized landform, slope and field use. Therefore, 343 maintenance of the IBZs for an estimated period of 10 to 20 years may be necessary. A potential 344 application of IBZs is to possibly recycle the nutrient-enriched material back to the fields. Therefore, 345 when using IBZs as hot spots for N removal and efficient sediment and P traps in the landscape, they 346 should preferably be located at sites with a high loss of polluted drain water and an expectedly high 347 erosion risk 42 . We suggest that inclusion of IBZs in dry buffer strips will provide additional valuable 348 ecosystem services 21 such as, for instance, flood attenuation by increasing the water storage in 349 agricultural landscapes and by augmenting biodiversity through provision of habitats for amphibians 350 and wetland plants. Moreover, use of alder trees might be of benefit to farmers depending on, 351 respectively, the size of the IBZ or the biomass yield. Based on the findings of this study, a short 352 manual summarizing various aspects for the implementation of IBZ in dry buffer strips (including the 353 cost efficiency for N removal) is presented in Figure S7 . 
